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The predicted dissipation of turbulent kinetic energy is also consistent with 22 observations. One location provides a particularly well-defined example of a 23 persistent hydraulic jump. It takes the form of a 390 m thick and 3.7 km long mixing 24 layer with frequent density inversions separated from the seabed by some 200 m of 25 relatively rapidly moving dense water, thus revealing the previously unknown 26 structure of an internal hydraulic jump in the deep ocean. Predictions in the Red Sea 27
Outflow in the Gulf of Aden are relatively uncertain. Available data, and the model 28 predictions, do not provide strong support for the existence of hydraulic jumps. In the 29
Mediterranean Outflow, however, both model and data indicate the presence of a 30 hydraulic jump. 31 32 1. Introduction 33 34
Little is known of the form and structure of hydraulic jumps in the deep ocean, and 35 until recently measurements in and around features that satisfy the dynamical 36 conditions necessary for hydraulic transitions to occur have been lacking. The 37 potential importance of hydraulic jumps as a mechanism for mixing in stratified near-38 bed currents is however recognised and several studies have been made of the flow in 39 regions where jumps might be expected, notably in the Romanche Fracture Zone 40 (Polzin et al., 1996) and in the near-bottom outflows from both the Red Sea (Peters & 41 Johns atmosphere transitions in pressure, wind speed and potential temperature described as 45 being caused by hydraulic jumps have been observed, for example, in the lee of the 46 Sierra Nevada mountain range in California by Armi & Mayr (2011) and in katabatic 47 winds in Adélie Land in Antarctica by Pettré & André (1991) , the latter a 48 manifestation of "Loewe's phenomenon" (Baines, 1995 Our purpose here is to apply an idealized model in some of these regions where 52 detailed measurements of near bottom flows are available and jumps appear likely. 53
The theoretical model predicts when flows are prone to hydraulic jumps and, if they 54 are, the amplitude of jumps and what loss of energy occurs. The comparison with 55 observations provides tests of the validity of the model and, within the limits of the 56 model and its 'fit' to the data, examination of whether hydraulic jumps occur in 57 observed flows and some indication of their nature. 58
The model is described in § 2, and applied to data in the following sections. where subscript i = 1 indicates a steady flow approaching a jump ('upstream') and i = 81 2 indicates a steady flow beyond the jump ('downstream') when turbulence generated 82 within the region of the transition has collapsed, and h i is the thickness of the flowing 83 layers. The (positive) functions F i are selected as 'η profiles'; for a given value, η i , 84
and with y = z/h i : 85 86
(a uniform and stationary upper layer). ↓ 89 90
The η profiles provide examples of flows ranging from a uniform gradient extending 91 from z = 0 to z = h i when η i = 0 to a two-layer structure with discontinuity at z = h i 92 when η i = 1.
93
The density is chosen with a profile similar to the velocity: 94 95 at z = 0 can be relaxed to allow mixing in the transition to extend through the lower 101 layer down to the seabed, so reducing the density in the downstream flow at z = 0 and 102 introducing a measure, δ, of the density change, as described by Thorpe, 2010 rather than the uniform density of the η profiles, the observed density profiles may 217 have a nearly constant gradient above the flowing layer near the seabed (e.g., as seen 218 later in profiles in figure 4a ). It is shown in appendix C that this appears unlikely to 219 allow upward radiation of internal waves with energy and momentum loss from a 220 transition region. off the bottom. The density of the oval shaped mixing region increases with x as more 306 dense water is entrained from the bottom layer. Overall the layer of mixing resembles 307 a mid-water (i.e., separated by about 200 m from the bottom) 3.7 km long rotor-like 308 structure following the gradual bottom slope, although no significant sustained flow in 309 the upstream direction was recorded that might confirm the circulatory flow of a rotor. 310
At its maximum the mixing layer is about 390 m in height, and its aspect ratio -height 311 divided by length -is approximately 0.08. The velocity field is more uncertain and 312 less firmly structured than the density, but the oval layer appears to have a generally 313 weak flow above its stratified base below which the near-bed northerly flow continues 314 at about 0.4 ms -1 . The mixing layer forming the hydraulic jump has a form 315 reminiscent of a steady spilling surface-wave breaker (e.g., Rapp & Melville, 1990 ), 316
like that downstream of a weir led by a 'toe' near x = 20, z = 4600m. There is no 317 evidence that it is initiated by an overturn caused by convective instability (as in a 318 plunging surface-wave breaker) or by KH billows, characterized e.g., by 'braids', high 319 gradient regions between periodic billows, although the uniformity of the layer is 320 sustained by static instability and convection. Its form is similar to that produced by 321 breaking forced internal waves in the atmosphere above mountain ridges, modeled by ( Further to the discussion in § 2, it is of note that only in the possibly rare cases 522 where η is small and Fr large (region E in figure 2c) does the model predict that 523 internal hydraulic jumps occur but not KHI. One case (at x = 9 in the Samoan 524 Passage, figure 5b and table 2) is found, however, in which the flow is unstable to 525 KHI but apparently not liable to a hydraulic transition (i.e., regions A or D in figure  526 2b). 527
There is a further possibility not accounted for in the model: that the features 528 identified from the tow-yo data as hydraulic jumps or KHI are not stationary, but are 529 propagating down-slope as internal roll waves similar to those reported by Fer, 530 Lemmin & Thorpe (2002) . This is however unlikely as later observations in the 531 Samoan Passage analysed by G.Voet have found very similar jump structures in the 532 same locations. For example, figure 10 shows the hydraulic jump near x = 20 533 surveyed about 2 years after that shown in figure 7. The overall structure outlined by 534 the oval curve remains generally the same, with comparable height and length but 535 with an aspect ratio of about 0.06. The mixing layer splits the upstream interfacial 536 layer into two, and the mean density in the layer increases with x, although less 537 rapidly in figure 10 than in figure 7. The depth of the toe in figure 10 is about 100 m 538 deeper than in figure 7 and it is about 500 m further downstream. Although 539
Yakovenko, Thomas & Castro (2011) draw attention to the long period vacillation of 540 lee wave systems and mixing near a topographic feature, there is no evidence here of 541 such variability, only that the feature persists. The theory of Rottman, Broutman & 542 Grimshaw (1996) supporting variability finds that it is mainly due to internal waves 543 that persist near the topography, but occasionally propagate upstream, a feature 544 excluded in the present hydraulic jump model. 545
The Earth's rotation is disregarded in the model. Its effect on the hydraulic jumps 546 illustrated in figures 7 and 8 may be assessed by the magnitude of a Burger number, 547
Bu. This is equal to the ratio of the internal Rossby radius of deformation, NH/f, 548 divided by the extent of the mixing region, L j , where N is the mean buoyancy 549 frequency of the fluid in which the jump occurs, H is the thickness of the mixing layer 550 produced by the jump, and f is the Coriolis frequency, 2.03x10 ). Since at the latitude of the Passage, 8 o S, the 636 inertial period is about 86 hrs and the time required to complete the tow-yo section of 637 figures 4 or 7 made at 0.25 ms -1 is less than 6 hrs, inertial oscillations (which have 638 moderate amplitude, typically less than 0.15 ms -1 ) will contribute little to the changes 639 that are apparent in this section. The model's velocity and density profiles are 640 supposed similar in shape, and the velocity is zero above the interfacial layer. In 641 reality changes in the flow occur continually both inside and outside the transition 642 region. The density and velocity profiles are similar in that they generally contain an 643 interfacial region of high gradient at the same depths, but (i) the flow above the shear 644 layer is not precisely zero, although generally relatively small (an exception being at x 645 = 25 in the Samoan Passage), and (ii) the potential density in the region above the 646 shear layer is not constant but generally has a negative (i.e., statically stable) gradient. 647
This may be sufficiently small to prevent the upward radiation of internal waves (see 648 appendix C). wavenumbers are k = 2π/λ and m, respectively, then σ/k = c and 669 According to laboratory experiments of Thorpe (1973) Table 2 . Values derived from fitting η profiles to data at locations of x = 3 to 12 in the 835 Samoan Passage. The uncertainty in the estimates of η and Fr are indicated by '±'. At 836 x = 7 (marked ***), the flow is small, less than 0.1 ms -1
, perhaps being blocked, and it 837 was not possible to fit consistent η profiles to both velocity and density. At x = 9 the 838 flow is marginal (i.e., on or very close to the supercritical-subcritical boundary in 839 figure 4b) although unstable to KHI. 
